In vitro methods have gained regulatory acceptance for the prediction of serious eye damage (UN GHS Cat 1). However, the majority of in vitro methods do not state whether they are applicable to agrochemical formulations. This manuscript presents a study of up to 27 agrochemical formulations tested in three in vitro assays (three versions of the bovine corneal opacity and permeability test (BCOP, OECD TG 437) assay, the isolated chicken eye test (ICE, OECD TG 438) and the EpiOcular™ ET-50 assay). The results were compared with already-available in vivo data. In the BCOP only one of the four, one of five in the ICE and six of eleven tested formulations in the EpiOcular™ ET-50 Neat Protocol resulted in the correct UN GHS Cat 1 prediction. Overpredictions occurred in all assays. These data indicate a lack of applicability of the three in vitro methods to reliably predict UN GHS Cat 1 of agrochemical formulations. In order to ensure animal-free identification of seriously eye damaging agrochemical formulations testing protocols and/or prediction models need to be modified or classification rules should be tailored to in vitro testing rather than using in vivo Draize data as a standard.
Introduction
Agrochemical formulations are complex mixtures composed to optimize biological activity of the active ingredient and aid in the handling and delivery of the active ingredient. The biological optimization comes through addition of ingredient(s) that aid delivery (often via increased wetting or penetration) of the active ingredient to the target organism (Curran and Lingenfelter, 2009 ). In addition to optimizing the biological activity on the target organism, formulation of the active ingredient can also improve handling, storage, application and safety properties (Curran and Lingenfelter, 2009 ). An agricultural formulation typically includes ingredients such as solvents, mineral clays, stickers, wetting agents, dispersing agents, antifoam agents, bactericides or other adjuvants.
For the registration of an agrochemical formulation, an eye irritation assessment is one of the requirements of the acute toxicity data package. While some in vitro methods that address eye irritation have gained regulatory acceptance, the Draize rabbit eye test (OECD TG 405) is currently the only test that has worldwide regulatory acceptance to assess eye irritation (OECD, 2012) . This animal test has been criticized for the subjectivity of the endpoints, high inter-and intra-experimental variability, questionable interspecies transferability and animal welfare reasons (Adriaens et al., 2014; Curren and Harbell, 2002; Luechtefeld et al., 2016) . Due to these issues with the Draize in vivo assay and animal welfare, an in-vitro replacement that is highly predicative of eye irritation would be highly welcomed. Also in a recent Cosmetics Europe funded study, the importance of drivers for classification and their relevance to the currently adopted classification scheme has been discussed and reconsideration of the classification criteria was proposed (Adriaens et al., 2014; Barroso et al., 2016) .
Among the advanced non-animal tests, the Isolated Chicken Eye (ICE) test has undergone formal validation and has been adopted for identification of i) Chemicals Inducing Serious Eye Damage and ii) Chemicals Not Requiring Classification for Eye Irritation or Serious Eye Damage (OECD TG 438 (OECD, 2013b) ). Although the number of agrochemical formulations in the formal validation studies was limited (Prinsen, 1996) , agrochemical formulations are regarded as within the applicability domain of the ICE.
Like the ICE, the BCOP test (OECD TG 437 (OECD, 2013a) ) is an organotypic model addressing immediate corneal effects on bovine corneas from slaughtered cattle (Gautheron et al., 1992) . The test has gained regulatory acceptance for i) the determination of serious eye lesions (UN GHS Category 1) and ii) the identification of single and multi-component test substances that are not eye irritants (OECD, 2013a) . However, industry experience has shown that the BCOP test protocol for liquids, as described in OECD TG 437, is not suitable to predict severe eye irritation (classified as UN GHS Cat 1) of liquid agrochemical formulations (Kolle et al., 2015) . The BCOP standard endpoints, opacity and permeability, as well as corneal histopathology lacked the sensitivity to correctly predict severe eye irritant agrochemical formulations.
The Hen's Egg Test e Chorioallantoic Membrane (HET-CAM) was more sensitive than the BCOP, but not sufficiently sensitive to be used as a reliable test for detection of severe eye irritation in agrochemical formulations (Schrage et al., 2010) .
The goal of this study was to evaluate whether three nonanimal methods are capable of predicting severe eye irritation (UN GHS Cat 1) of up to 27 agrochemical formulations: i) the original and two modified BCOP protocols ii) the ICE (including histopathology) and iii) the EpiOcular™ ET-50 protocol. These in vitro protocols were evaluated by testing. On all of these in vitro tested formulations, in vivo data was already available on the identical batches or batches with identical composition. All batches were GLP-certified.
Materials and methods

Test substances
In total, up to 27 agrochemical formulations were examined. In the two modified BCOP protocols, 11 formulations were assayed; the ICE protocol assayed 10 formulations; and the EpiOcular™ ET50 neat protocol assayed 27 formulations. For all tests, GLP certified formulation batches were used. All agrochemical formulations tested were liquid. A review of the toxicological and physicalchemical properties of the tested formulations did not indicate serious eye damaging properties.
The selection of agrochemical formulations was not random, but was based on availability of test material and in vivo data from BASF SE's routine testing portfolio.
Draize rabbit eye irritation test
Rabbit eye irritation data for the agrochemical formulations was collected for regulatory purposes over the past approximately 10 years using the Draize rabbit eye irritation test (Draize et al., 1944) and modifications thereof (OECD, 2012) . No in vivo studies were conducted for this study, as GLP in vivo studies with these formulations had already been conducted to meet regulatory requirements. The assays were performed in an ALAAC and GLP certified BASF SE laboratory or subcontracted. In the Draize test the eye reaction to a test substance is evaluated by grading the lesions of the conjunctivae (redness and chemosis), the cornea (opacity and area involved), and the iris. Using Draize rabbit eye test data, the full range of eye irritation potential including mild, moderate and severe irritation as well as the reversibility of the observed effects was determined. All in vivo tests were performed with consent and provisions of the German animal welfare regulations.
Bovine cornea opacity and permeability (BCOP) test (original and two modified protocols)
The BCOP test was established and in-house validated to test for severe eye irritants in the GLP certified BASF SE's Toxicology Department using 60 test substances. This validation also included the conduct of supplemental corneal histopathology. Details of the protocols are described in Kolle et al. (2011) and Schrage et al. (2011) . This study's modifications to the test protocol were made to change two parameters: incubation time and test substance concentration. The hypothesis was that increased contact of the test substance to the corneal tissue may increase the corneal opacity or permeability effect e effects that lacked sensitivity in the unmodified BCOP protocol.
Each test substance or control was applied to triplicate corneas (n ¼ 3). The exposure protocol consisted of modified protocol 1, which exposed corneas to 750 mL of the 20% agrochemical formulations in water for 1 h; and modified protocol 2, which exposed corneas to 750 mL of the undiluted agrochemical formulations for 1 h. All other procedures, including the 2 h post-exposure incubation, were identical to previously published protocols Schrage et al., 2011) . Resulting opacity, permeability and in vitro irritation scores (IVISs) were summarized as arithmetic means and standard deviations. For comparison, previously published data (Kolle et al., , 2015 for the eleven formulations tested according to the OECD TG protocol for liquids is also provided in the results section.
According to the current OECD TG, opacity and permeability are used to calculate the IVIS (¼ opacity þ 15 Â permeability) (OECD, 2013a) , and substances with an IVIS > 55 are regarded as severe irritants (UN GHS Category 1). Substances with an IVIS 3 are considered eye non-irritants (not evaluated in this study), and for substances resulting in IVIS > 3 and 55, no prediction can be made. A test was considered acceptable if i) the positive control provided an IVIS that fell within two standard deviations of the respective current historical means, ii) the negative control responses resulted in opacity and iii) permeability values were not higher than the established upper limits.
Although not part of the regulatory-accepted test protocol, corneal histopathology is considered a useful additional endpoint in the BCOP assay (OECD, 2011; OECD, 2013a) . Therefore, histopathologic evaluation was conducted as previously described (Kolle et al., 2015) . Briefly, different grades of severity, ranging from 0 to IV were determined, based on the depth of injury. Corneas with a histopathological score of irritation (HSI) of IV (deepest type of injury) were considered severe irritants. Corneas with HSI I, II and III were considered non-severely irritated (epithelial damage ranging from the squamous to the wing cell layer without affecting the basal layer, and/or swelling of the stroma up to 50% of depth). Corneas without damage after exposure in the BCOP test were considered to have no irritation (HSI 0). The results of the histopathological evaluation were summarized as median scores of the three evaluated corneas.
Isolated chicken eye test
The ICE test was subcontracted to a GLP certified contract research laboratory and conducted according to OECD TG 438 (OECD, 2013b) . Within 2 h after kill (for food consumption), eyes of approximately 7 weeks old male or female chickens were carefully dissected. Those eyes with undamaged corneas (e.g. fluorescein retention and corneal opacity scores of 0.5) were placed in a superfusion apparatus (TNO Triskelion, Zeist, the Netherlands). Eyes were kept at 32 C and supplied with isotonic saline. Three eyes per test group were treated with 30 mL of the agrochemical formulations (neat), positive (5% (w/v) benzalkonium chloride) or negative control (physiological saline) for 10 s before rinsing with 20 mL of physiological saline, a washing procedure known not to induce any effects. The eyes were then examined at 0, 30, 75, 120, 180 and 240 min after treatment using a slit lamp microscope (Slit lamp 900 BP, Haag Streit AG, Liebefeld Bern, Switzerland) for corneal swelling, corneal opacity and fluorescein retention (30 min after treatment only).
On the basis of the severity of the observed findings, ICE classes for corneal swelling, corneal opacity and fluorescein retention were determined as I ¼ no effect, II ¼ slight effect, III ¼ moderate effect and IV ¼ severe effect as described in OECD TG 438 (OECD, 2013b ). An Irritancy Classification for each test substance was determined by the combination of the individual endpoint ICE classes (Table 1) . A test was considered acceptable if the concurrent negative control was identified as "not classified" by UN GHS, and the positive controls were identified as UN GHS Category 1.
In addition to the Irritation Classification as described in OECD TG 438, an irritation index was calculated to allow numerical ranking and comparison. The index is based on the addition of the maximum mean scores obtained for the parameters according to the following formula:
Irritation Index ¼ maximum mean corneal swelling þ maximum mean opacity score*20 þ mean fluorescein retention score*20 A factor of 20 was included to give equal weight to the scores obtained for opacity and fluorescein retention in the index compared to the maximum swelling possible (approximately 60%).
Corneal histopathology, suggested as useful additional endpoint in the ICE test, was also evaluated (Cazelle et al., 2014; OECD, 2011; OECD, 2013b) . For the histopathological examination, eyes were preserved in a neutral aqueous phosphate buffered 4% solution of formaldehyde after final endpoint assessment. The corneas were embedded in paraffin wax, sectioned at approximately 4 mm and stained with Periodic Acid-Schiff before histopathological examination (Prinsen et al., 2011) . The histological grading system has been described previously (Cazelle et al., 2014 (Cazelle et al., , 2015 and is summarized in Table 2 .
EpiOcular™ ET-50 Neat Method
The EpiOcular™ ET-50 Neat Method is described as having the capability to differentiate four eye irritation classes ranging from non-irritating to severely irritating (Stern et al., 1998 Prior to conducting assays, the ability of each test substance to directly reduce MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide) was assessed. Test substance (100 mL) was added to 1.0 mL of a 1.0 mg/mL MTT solution and the mixture was incubated in the dark at room temperature for approximately 1 h. A negative control (NC, 100 mL of sterile deionized water) was run concurrently. If the MTT solution color Table 1 ICE prediction model based on maximum mean corneal swelling (observed at any timepoint), maximum mean opacity score (observed at any timepoint), and mean fluorescein retention score (30 min after treatment based on predefined retention scores).
UN GHS irritancy classification
Combinations of the three endpoint ICE classes
No Category: non-irritant
Mild irritant/causes eye irritation
Category 1: Irreversible effects on the eye/serious damage to the eye
immediate corneal opacity score 3 in at least 2 corneas corneal opacity score 4 in at least 2 corneas severe loosening of epithelium in at least one cornea a The prediction of UN GHS Categories 2A and 2B is an extension of the prediction model described in OECD TG 438 (OECD, 2013b ) and has previously been described in (Cazelle et al., 2014 (Cazelle et al., , 2015 .
b The combination of 2 Â II, and 1 Â I can be considered as a borderline case between not irritating and UN GHS Category 2B. c Combinations of categories less likely to occur. d The combination of 2 Â III, and 1 Â IV can be considered as a borderline case between UN GHS Category 2A and UN GHS Category 1.
turned blue/purple, the test substance was presumed to have reduced the MTT. For test substances that directly reduced MTT, a single freezekilled control tissue was treated with the test substance (as described above) for the viable tissues (60 min exposure only). An additional freeze-killed tissue treated with sterile deionized water served as a negative killed control. Nine of the test substances in this study (formulations ID 6, 11, 13, 42, 48, 98, 100, 102, 105) directly reduced MTT by less than 30% of the negative control value, and the net optical density (OD) of the treated killed control was subtracted from the OD of the living test substance treated tissues.
In the main assay, each EpiOcular™ tissue was inspected, and tissues were transferred to a 6-well plate containing 0.9 mL of prewarmed (37 C) assay medium (AM) per well. Tissues were then incubated for 1 h at 37 ± 1 C in a humidified, 5 ± 1% CO 2 atmosphere (standard culture conditions; SCC). After this incubation period, the AM was refreshed (0.9 mL per well), and two EpiOcular™ tissues were topically treated with 100 mL of the neat test substances for 3, 30 and 60 min. Concurrently, two tissues were treated with 100 mL of sterile deionized water (negative control) or with 100 mL of 0.3% Triton X-100 (positive control). After exposure, the substances were removed, and each pair of tissues was rinsed three times in DPBS. Following the final rinse, the tissues immersed in 5 mL of AM for 10 min under SCC and then incubated for 3 h (SCC) in a 24 well plate containing 300 mL MTT solution (1 mg/mL MTT in DMEM) per well. Tissues were removed individually and gently rinsed with PBS and blotted dry with tissue paper. Once transferred into a clean 24 well plate 2.0 mL extract solution (2-propanol, MatTek Corporation, Ashland, MA, USA) was added to each well, and the plate was sealed and incubated in the dark overnight or for 2 h on an orbital shaker at room temperature. Two aliquots (200 mL) from each well were transferred to a 96-well plate. Extract served as a blank (solvent control).
Plates were analyzed spectrophotometrically at 570 nm using a plate reader (Sunrise™ Absorbance Reader, Tecan Group Ltd., Crailsheim, Germany). The average OD of the treated tissues was compared to the average OD of the negative control (NC) which was set to 100% percent viability. Values for the duplicate tissues were averaged to obtain the final viability and information on variability between independent tissues. A test was considered acceptable if the concurrent negative and positive controls fell within two standard deviations of the respective current historical means. Positive controls were accepted if viability of greater than 50% was achieved. Further tissue viability was accepted if the mean OD at 570 nm of the NC was above 0.8 and below 2.5. A repetition of a test was conducted if the difference of viability between two tissue replicates was more than 20%. The ET-50 (time at which the relative viability has dropped to 50% is considered the ET-50 value) was then determined by exponential interpolation between the exposure time, resulting in a relative viability just below and above 50% as suggested by the tissue model manufacturer. The results were summarized as means and intertissue difference. Based on the ET-50 values obtained below or equal to 3 min, larger than 3 and below or equal to 30 min, or larger than 30 min the test substances were then assigned to UN GHS Category 1, 2 or no category, respectively.
Results
In vivo data
The 27 formulations tested comprised eleven UN GHS Category 1, five Category 2A, three Category 2B and eight Not Classified formulations. All UN GHS Category 1 formulations were classified based on persistence of eye effects. In two of the UN GHS Cat 1 formulations additional corneal opacity scores of 4 were observed in single animals (Table 3) .
Modified bovine cornea opacity and permeability (BCOP) test
The standard BCOP liquid protocol and two modifications thereof were used: using the original protocol the undiluted test formulation was applied for 10 min; in modified protocol 1, the test formulation was applied as 20% dilution in water for 1 h of exposure, and in modified protocol 2, the test formulation was applied neatly for 1 h. Results of the modified protocols were assessed and compared to the standard protocol according to original OECD TG 437 protocol (10 min exposure with the formulation applied neatly; Fig. 1 and Table 4 ). The study acceptance criteria were always met.
Using the original liquid protocol, all four UN GHS Cat 1 formulations resulted in IVIS (in vitro irritation score) between 2.5 and 16.2 (mean IVIS 8.1 ± 6.3). Using the modified protocols IVIS of the same formulations ranged between 29.3 and 55.1 (mean IVIS 40.5 ± 11.4) and 26.7 and 54.7 (mean IVIS 41.5 ± 11.6) using the modified protocols 1 (20% dilution for 1 h) and 2 (undiluted for 1 h), respectively. However, the increased sensitivity of the modified protocols led to a loss of specificity for non-severe eye irritant formulations. Using the OECD TG 437 liquid protocol, the seven agrochemical formulations that were either UN GHS Cat 2 or not classified based on in vivo data resulted in IVISs between 0.0 and 16.8 (mean IVIS 8.5 ± 6.6). The IVIS obtained with the modified protocols 1 and 2 ranged between 1.9 and 93.9 (mean 45.4 ± 28.1). 2.1 to 79.9 (mean IVIS 41.8 ± 25.4), respectively. In addition to the assessment of corneal opacity and permeability, corneal histopathology was evaluated (Table 4 ). The original OECD TG 437 liquid protocol resulted in HSIs between I and IV (with a median of II; three of four UN GHS Cat 1 formulations resulted in an HSI of II and the fourth could not be evaluated. Using the modified protocols, all but one of the eleven formulations (four of which were classified as UN GHS Cat 1 based on in vivo testing) resulted in a HSI (histopathological score of irritation) of IV. These results indicate that the HSI was overpredictive and did not improve the predictivity of the modified BCOP protocols.
Isolated chicken eye test
This study tested ten liquid agrochemical formulations in the ICE test along with supplementary histopathological evaluation (Tables 5 and 6 ). Study acceptance criteria were always met. One of the five UN GHS Cat 1 agrochemical formulations was predicted correctly, while the remaining four resulted in the "no prediction can be made" range according to the prediction model described in OECD TG 438 (OECD, 2009) . Using the extended prediction model described in the materials and methods section, the four UN GHS Cat 1 formulations could be assigned UN GHS Cat 2A. The remaining formulations (not UN GHS Cat 1) tests resulted in "no prediction can be made" according to the prediction model described in OECD TG 438 (OECD, 2013b) . Using the extended prediction model, two UN GHS Cat 2A formulations were correctly predicted as UN GHS Cat 2A, two UN GHS Cat 2B were predicted as UN GHS Cat 2A and the non-classified formulation was predicted as UN GHS Cat 2B.
In addition to the Irritation Classification described in OECD TG 438 (OECD, 2013b), an irritation index was calculated to allow for numerical ranking and comparison. The irritation indices obtained for UN GHS Cat 1 formulations ranged between 88 and 125; indices of UN GHS Cat 2A formulations were between 89 and 94; indices of UN GHS Cat 2B formulations were between 86 and 90; and the nonclassified formulation had an index of 84 (Fig. 2) .
After the slit lamp examination, corneal histopathology was also evaluated ( Table 6 ). All of the agrochemical formulations tested caused very slight to slight epithelial erosion and very slight to moderate epithelial vacuolation. Very slight to moderate necrosis was observed in the epithelium, and the epithelial layer was partly detached from the basal membrane with two UN GHS Cat 1 formulations (IDs 11 and 12) and one UN GHS Cat 2 formulation (ID 30) . No findings were observed in the stroma and/or endothelium (Table 6 ).
EpiOcular™ ET-50 test
A total of 27 liquid agrochemical formulations (11 UN GHS Cat 1, 8 UN GHS Cat 2 and 8 non-classified) were assessed using the EpiOcular™ ET-50 Neat Protocol. The study acceptance criteria were always met with the following exception: The difference of viability between two tissue replicates was more than 20% for formulations ID 104 after 3 min exposure. However, as the intertissue difference was only slightly above 20% (i.e., 22.7%) and the individual viability values of 91.6 and 68.8% were clearly above 50%, the test was not repeated.
Six of the 11 UN GHS Cat 1 formulations tested resulted in an ET-50 below 3.0 min and five were under predicted (formulations IDs 1, 13, 98, 100, and 101) with ET-50 values between 3.0 and 30 min. Of the eight UN GHS Cat 2 formulations, six formulations resulted in ET-50 values between 3.0 and 30 min, while two were over predicted with ET-50 below 3.0 min (formulation IDs 103 and 105). Of the eight nonclassified formations, four resulted in ET-50 values above 30.0 min and four were over predicted (formulation IDs 55, 58, 63, and, 106) with ET-50 values between 3.0 and 30 min (Fig. 3 and Table 7) .
Generally, relative tissue viabilities decreased with increasing incubation times and irritant potential: The mean values and standard deviations for UN GHS Cat 1 formulations after 3 min exposure were 52.4 ± 14.3, after 30 min exposure 15.1 ± 5.7 and after 60 min exposure 7.9 ± 2.8; for UN GHS Cat 2 formulations after 3 min exposure 67.5 ± 19.9, after 30 min exposure 17.7 ± 10.0 and , and not classified (no UN GHS Category) according to the in vivo Draize rabbit eye irritation test were tested in the BCOP test using the endpoints opacity, permeability. Data is depicted as mean IVIS (opacity in grey þ 15 Â permeability in black) plus IVIS standard deviation. For direct comparison, the three bars per formulation represent the OECD TG liquid protocol (10 min exposure with the formulation applied neatly), modified protocol 1 (1 h exposure with the formulation applied at 20% in water), and modified protocol 2 (1 h exposure with the formulation applied neatly).
after 60 min exposure 8.7 ± 4.2; and for non-classified formulations after 3 min exposure were 89.8 ± 14.8, after 30 min exposure 60.4 ± 37.0 and after 60 min exposure 45.6 ± 40.2. However, based on the limited data of this study, the ET-50 protocol did not identify a separation between the three irritant classes (UN GHS Cat 1, Cat 2 and non-classified, Fig. 4 ).
Discussion
It is important to accurately distinguish substances that cause serious eye damage from those with lesser irritant potential. Substances falsely classified as seriously eye-damaging lead to inappropriate warnings and precautions whereas substances falsely classified as not seriously eye damaging may result in insufficient risk management measurements and may ultimately cause actual damage. A method for the correct identification of non-irritant agrochemical formulations is already available (OECD, 2015c) . This study assessed the capability of several in vitro methods to identify seriously eye damaging agrochemical formulations.
Draize-derived eye irritation data is currently required for each active ingredient and also for each formulated product of an active ingredient. Therefore, the full replacement of Draize test for agrochemical formulations would represent a significant improvement of animal welfare. Computational approaches (such as QSAR) are often considered to replace animal tests for pristine substances, but are less established for complex mixtures (such as agrochemical formulations) (Guth et al., 2014) .
Several in vitro methods addressing serious eye damage (UN GHS Cat 1) have undergone validation exercises and OECD technical guidance has been adopted for the BCOP assay (OECD TG 437 (OECD, 2013a)), the ICE test (OECD TG 438, (OECD, 2013b), the short term exposure test method (OECD TG 491 (OECD, 2015b)) and the fluorescein leakage test method (OECD TG 460 (OECD, 2015a)). While it is common to validate in vitro methods against the standard in vivo assay (i.e., the Draize test for eye irritation), it is also common practice to perform such validation studies primarily with monoconstituent substances. Nevertheless, most tests are also adopted for the testing of mixtures as defined by UN GHS (UN, 2015) . Agrochemical formulations fit the definition of mixtures (UN, 2015) , and therefore the in vitro test methods are thought to be generally applicable. However, upon the adoption of new technical guidance, there is usually limited validation data on specific mixtures such as agrochemical formulations. Therefore, data are needed to demonstrate whether a particular substance class or mixture is within the applicability domain.
This series of proof of concept studies focused exclusively on agrochemical formulations (a particular type of mixture) that may have been underrepresented (or absent) in the formal validation studies.
Several studies previously assessed the capability of in vitro protocols to assess eye irritation caused by agrochemical formulations. In one study, 50 agrochemical formulations were tested in the Hen's Egg Test e Chorioallantoic Membrane (HET-CAM). The results of this study indicated that this egg based method should not be used as the method of choice to identify seriously eye damaging (UN GHS Cat 1) agrochemical formulations based on insufficient sensitivity (Schrage et al., 2010) . Another study analyzed the usefulness of the BCOP and EpiOcular™ EIT (in which the same tissues but a different single exposure protocol is used than in the ET-50) methods and reported that while the EpiOcular™ EIT performed well to differentiate non-irritant agrochemical formulations from irritating formulations (UN GHS Categories 1 and 2), the BCOP test was highly under predictive for UN GHS Cat 1 agrochemical formulations (Kolle et al., 2015) . Recently, and most promising among all reports, a neutral red Table 4 BCOP and modified BCOP protocol results. HSI, histopathological score of irritation; IVIS, in vitro irritation score; n.e., not able to evaluated due to technical artefacts; NI, non-irritant (not classified according to UN GHS); NP, no prediction can be made; SD, standard deviation.
b Formulation IDs 11e63 refer to previously published data (Kolle et al., 2015) .
release cytotoxicity assay in HaCaT cells has been described with accuracy, sensitivity, and specificity of 78, 85 and 76% in a study assessing 64 agrochemical formulations (Settivari et al., 2016a) . The data set consisted of 12 liquid and 1 solid UN GHS Cat 1 formulations and no external or cross-validation was performed to challenge the prediction model and exclude overfitting, this assay certainly warrants further study.
To cover the full range of eye irritation and to address the lack of available in vitro methods to predict UN GHS Category 2 eye irritants directly, Scott et al. (2010) proposed the combination of several methods. Additional integrated approaches for testing and assessment (IATA) eye irritation is currently under development (OECD, 2016) . IATAs consist of structured approaches to integrate and weigh all relevant (existing) data and to guide the targeted generation of new data for hazard assessment. The US EPA in 2015 released a framework for testing antimicrobial cleaning products for their eye irritation potential using three in vitro tests BCOP, EpiOcular™ ET-50 and Cytosensor Microphysiometer (EPA, 2015) . In this framework, the BCOP used an IVIS cut-off of 75 (instead of the OECD TG 437 prescribed IVIS cut-off of 55) to differentiate EPA Toxicity Category I (equivalent to UN GHS Cat 1) products from those of less irritant potential. In the proposed EpiOcular™ ET-50 prediction model an ET-50 below 4 min would result in an EPA Toxicity Category I/II designation. In cases where differentiation between the Category I and II are needed, the BCOP is proposed. The framework has resulted in the regulatory application of the in vitro methods for antimicrobial cleaning products.
A similar US EPA initiative is the stated goal to replace the 'acute six pack' currently required for agrochemical formulations (including the eye irritation assay) (EPA, 2016) . Although antimicrobial cleaning products are also considered pesticide products just like agrochemical formulations, the two types of products can behave differently in the BCOP (Kolle et al., 2015) and EpiOcular™ ET-50 assays (this study). In the current study, a lack of sensitivity and specificity of the modified BCOP assay was observed. Changing the cut-off value would not have improved the predictive capability of either the BCOP or the EpiOcular™ ET-50 assay with agricultural formulations.
Modified bovine cornea opacity and permeability (BCOP) test
The BCOP is a regulatory-accepted organotypic test to identify chemicals inducing serious eye damage (UN GHS Cat 1) and chemicals not requiring classification for eye irritation or serious eye damage (OECD, 2013a) . Its application for REACh has been critically discussed (Sauer et al., 2016) . In a previous study we showed that the BCOP conducted according to the liquid protocol (10 min exposure with the formulation applied neatly) described in OECD TG 437 is not sufficiently sensitive to predict UN GHS Cat 1 liquid agrochemical formulations (Kolle et al., 2015) . The aim of this study with regard to the BCOP was to assess whether sensitivity could be increased by simple protocol modifications that increased contact between the corneal tissue and the tested agrochemical formulation. Two protocol modifications were evaluated: modified protocol 1 used a 1 h exposure with the formulation applied at 20% in water; and modified protocol 2 used a 1 h exposure with the formulation applied neatly.
Higher IVISs were obtained with modified protocols 1 and 2 compared to the original OECD TG 437 liquid protocol. Although sensitivity to predict UN GHS Cat 1 agrochemical formulations was not significantly improved, several non-UN GHS Cat 1 agrochemical formulations resulted in IVIS above 55. Based on this data set, changing the cut-off value is not a promising avenue for the prediction of seriously eye damaging agrochemical formulations. Using the modified protocols, only one of the four UN GHS Cat 1 agrochemical formulations was predicted correctly. Three (modified protocol 1) and two (modified protocol 2) not-seriously eye damaging formulations were over-predicted.
The use of histopathology (after conduct of the BCOP) did not successfully discriminate irritant potentials, as all but one formulation (a non-irritant) resulted in the most severe HSI score of IV.
In summary, and in line with our previous report (Kolle et al., 2015) , the BCOP (including the two protocol modifications and the additional corneal histopathology) did not result in a sufficiently sensitive prediction of UN GHS Cat 1 agrochemical formulations.
Isolated chicken eye test
The ICE test is also a regulatory accepted organotypic test with the goal of identifying both chemicals that induce serious eye damage (UN GHS Cat 1) and chemicals not requiring classification for eye irritation or serious eye damage (OECD, 2013b) . In the public domain, ICE data on agrochemical formulations is currently very limited. In this proof of concept study we evaluated the usefulness of the assay to predict UN GHS Cat 1 liquid agrochemical formulations.
Only one of the five UN GHS Cat 1 formulations tested was predicted correctly, and all remaining formulations resulted in the "no prediction can be made" category according to the prediction model described in OECD TG 438 (OECD, 2013b) . No clear trend was observable in (the non-OECD TG endpoint) irritation index.
OECD guidance document 160 (OECD, 2011) suggests that histopathology can be a useful additional endpoint. Use of histopathology has been used for non-extreme pH detergent and cleaning products (Cazelle et al., 2014) . However, in the current study the histopathology of the chicken eye corneas did not improve the differentiation of UN GHS Cat 1 and non-UN GHS Cat 1 agrochemical formulations.
Most agrochemical formulations (including eight of the ten formulations tested in this study) contain surfactant. Surfactants have been described to result in false negative predictions in this assay. All surfactant-containing UN GHS Cat 1 formulations were under predicted (as UN GHS Cat 2A): Four of the five UN GHS Cat 1 agrochemical formulations (IDs 18, 11, 13 and 12) contained 45, 23, 35 , and 10% surfactant respectively. The correctly predicted UN GHS Cat 1 formulation (ID 17; Table 8 ) contained no surfactant.
EpiOcular™ EIT and ET-50 tests
The EpiOcular™ Eye Irritation Test (EIT) was adopted in 2015 for the identification of chemicals that do not cause eye irritation or damage and therefore do not require classification (OECD TG 492, (OECD, 2015c) . OECD TG 492 is the first OECD in vitro test guideline that specifically includes agrochemical formulations in the applicability domain, as the EpiOcular™ EIT was shown as a sensitive assay for agrochemical formulations. For the 27 liquid agrochemical formulations of this study, EpiOcular™ EIT data was also available (Table 8 , published with same formulation IDs (Kolle et al., 2015) ), and all UN GHS Cat 1 (n ¼ 11) and Cat 2 (n ¼ 8) formulations were correctly predicted as irritating. Five of the eight non-classified formulations were over predicted. The mean relative viability for UN GHS Cat 1 formulations ranged between 2.8 and 17.4% (mean 9.7± 5.1%), for UN GHS Cat 2A and 2B formulations 7.3 and 21.5% (mean 14.2± 5.4%), and non-classified formulations ranged between 6.1 and 111.3% (mean 51.9± 38.1%). As there is no clear separation of the different irritant categories by relative viability, (Kolle et al., 2015) ) and the confirmation by the current study led to the question of whether a different protocol such as the time to toxicity approach (Stern et al., 1998) could be useful to identify UN GHS Cat 1 agrochemical formulations. This ET-50 protocol was used in the proof of concept study presented here: Relative tissue viabilities were assessed after single topical exposure of 27 agrochemical formulations and three exposure times (i.e., 3 min, 30 min, and 60 min). Generally, the data indicated that relative tissue viabilities decreased with increasing incubation times and irritant potential. However, a clear separation between the three irritant classes (UN GHS Cat 1, Cat 2 and nonclassified) was not apparent, and the ET-50 was not capable of identifying of UN GHS Cat 1 formulations.
A receiver operator characteristic analysis was performed in order to improve the thresholds used in the prediction model, but was not successful to provide and an ET-X value (with X being relative viabilities between 30 and 80%) resulting in a more accurate prediction in particular of UN GHS Cat 1 agrochemical formulations (not shown).
In vivo data, and ingredient considerations
Method validation relies on robust reference data for comparison. The ideal reference data for methods to assess human health hazards are human data, which is not readily available for severe eye irritation. Hence Draize test results are used as a reference. The animal welfare concerns and scientific limitations of the Draize test have been widely recognized for many years and the shortcomings should be considered if these in vivo data are used as a reference to validate in vitro studies: The variability between individual animals and laboratories testing the same substance of the Draize test have been described in several studies (Adriaens et al., 2014; Earl et al., 1997; Weil and Scala, 1971 ). York and Steiling reviewed the animal and experimenter related sources of variation of the Draize test including a discussion of the subjectivity of the evaluation criteria and prediction model. The authors suggested to revise the evaluation parameter and/or use controlled human data as reference data for the validation of in vitro methods (York and Steiling, 1998) . Numerical estimates of the variability of Draize test results have been provided by more recent studies: An overall probability of at least 11% has been determined for chemicals classified as UN GHS Cat 1 by the in vivo Draize test under UN GHS could be equally identified as Cat 2 (Adriaens et al., 2014 (Luechtefeld et al., 2016) . Several substances were retested (9782 Draize eye irritation studies on 3420 unique substances) and revealed a lack of reproducibility with UN GHS Cat 1 classification being reproducible for only 73% of the substances. In another recent study more than 600 individual Draize tests were analyzed. The most important drivers for UN GHS Cat 1 were severity and persistence (in absence of severity) of corneal opacity. The authors recommended that all classifiable effects (including persistence and corneal opacity scores of 4) should be present in >60% of the animals to drive a classification (but current classification criteria allow classification based on the effects in a single animal) (Barroso et al., 2016) .
Besides these limitations of using Draize data as a reference, the set of formulations used in this study (and those used in (Kolle et al., 2015) ) do not represent ideal validation substance list, but rather represent those formulations submitted to our lab for routine testing. Among the UN GHS Cat 1 formulations of this list, most classifications were based on persistent effects, and in many cases it is effects in single animals that drove the classification. While severe effects on the eyes are generally accessible with the current in vitro methods, it will probably remain difficult to correctly predict UN GHS Cat 1 classifications based on persistency.
This study tested up to 27 liquid agrochemical formulations, selected based on the availability of formulation batches from BASF SE's routine testing portfolio. For a full validation study, far more data would be needed and more ideally classified formulations, i.e. those also classified based on severity in several animals would be chosen. Further, for a direct comparison between methods, each formulation would need to be tested in each of the assays. However, the aim of these proof of concept studies was to generate sufficient data to indicate whether a method has the potential to correctly predict UN GHS Cat 1 agrochemical formulations in a routine testing portfolio.
Of the 27 agrochemical formulations tested, there were a total of eleven UN GHS Cat 1 formulations. Only four of the in vivo studies resulting in UN GHS Cat 1 classification were conducted with more than one animal, and in three cases classification was based on the results observed in a single animal and irreversible effects (with two of the UN GHS Cat 1 formulations also resulting in corneal opacity scores of 4 in individual animals). Also analysis of the drivers of classification of our previously published data on 21 UN GHS Cat 1 formulations (Kolle et al., 2015) , (Table 3 ), reveals that all 21 were classified for persistence. Two of those also resulted in a corneal opacity scores of 4 in individual animals (but were still underpredicted in the BCOP, according to the original OECD TG 437 liquid protocol).
The UN GHS classification prediction by the individual assays, as well as some additional information regarding the formulations tested in this study, have been summarized in Table 8 . Among the physico-chemical properties, the pH of a test substance is particularly useful to predict serious eye damage (OECD, 2016) . However, available information on toxicological and physico-chemical properties of the formulations tested in this study did not indicate seriously eye damaging potential (Table 8) .
The additivity approach is another non-testing approach to assess the potential of a formulation to cause eye damage. This approach determines the percentage of irritating ingredients (UN GHS Cat 1 and/or 2) in the formulation, and hypothesizes that the more irritating ingredients are present in a formulation, the more likely the formulation will be irritating. Based on a retrospective analysis on more than 200 agrochemical formulations, the additivity approach showed good predictivity for non-irritants (Settivari et al., 2016b) . Similar observations are made for the current data set: when a formulation contained minimal irritating ingredients, the final formulation also tended to be minimally irritating. However, with formulations containing moderate to high levels of irritating ingredients, there was no correlation between the amount of irritating ingredients and the final UN GHS classification. Specifically, the additivity approach was not capable of identifying severe eye irritants (UN GHS Cat 1) in this data set.
Further, classification of the active ingredient(s) did not correlate with the classification of the formulation (Table 8 ). The active ingredient contained in formulation ID 108 is assigned to UN GHS Cat 1, but the formulation was determined to be non-irritant. Another active ingredient was assigned to UN GHS Cat 2A, as was the formulation (ID 103). All other active ingredients were determined to be non-irritating to the eye, while their formulations covered the full eye irritation range.
Conclusion
The Draize eye irritation assay is criticized for its adverse impact on animal welfare as well as its high variability and lack of reproducibility. In vitro test methods are now available and validated to replace the Draize assay for monoconstituent substances and mixtures. The applicability to identify non eye-irritating agrochemical formulations using the EpiOcular™ EIT had already been demonstrated. However, no formally validated and/or regulatory accepted in vitro test is available to identify seriously eye-damaging (i.e. UN GHS Cat 1) agrochemical formulations. The current case study indicates that none of three in vitro methods is sufficiently predicting serious eye irritation in vivo (UN GHS Cat 1): The BCOP (including two protocol modifications and histopathology), the ICE (including histopathology) or the EpiOcular™ ET-50 test. Additional non-animal methods and/or further modifications of the existing in vitro methods are needed to enable animal-free identification of seriously eye damaging (UN GHS Cat 1) agrochemical formulations. Alternatively, in vivo Draize test data could no longer be considered the reference for hazard classification and the classification rules could be adapted to in vitro methods; this would, however, still require validation ideally considering the real 'gold standard' -human data.
